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ABSTRACT: We characterize shear-induced states of order and disorder in a symmetric lamellae forming
poly(cyclohexylethylene) (C)—polyethylene (E) CECEC pentablock copolymer. When subjected to a large
amplitude reciprocating shear strain (y = £600%) in the ordered lamellae state, the sample rapidly aligns
in a perpendicular orientation with long-range order. The order—disorder transition temperature Topt-
(p) decreases with increasing shear rate y, such that a shear rate of y = 7 & 1 s7* is sufficient to disorder
the material nearly 30 °C below the quiescent Topt. Small-angle neutron scattering (SANS) from the
sheared disordered state displays a symmetry that suggests a fundamentally different influence of shear
compared to earlier observations of shear-induced anisotropy in the disordered states of lamellae forming
diblock and triblock copolymers. Abrupt cessation of shear leads to spontaneous lamellar ordering into
a macroscopically well-aligned transverse orientation—an arrangement that previously has been
inaccessible via processing. In contrast to this behavior, the perpendicular alignment forms when cooling
the sample from above the Topt while applying low shear rates, similar to the response of di- and triblock
copolymers. These findings shed fresh insight into the complex phenomena that govern flow- and
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deformation-induced alignment of block copolymer melts.

1. Introduction

It is well-known that shear flows can cause mi-
crophase-separated block copolymers to align in single
crystallike domains with long-range translational
order.1~2 This makes this class of materials interesting
for its potential use in nanostructural engineering
where control and manipulation of material properties
through anisotropic structural elements are relevant to
practical applications. In recent years lamellar diblock
copolymer melts subjected to shearing have been stud-
ied intensively.*~11 The behavior of block copolymers in
a flow field involves complex phenomena that depends
on at least three externally controlled parameters,
namely, temperature T, shear strain y, and deformation
rate (i.e., frequency w for dynamical oscillatory shear
flow or shear rate y for reciprocating steady shear flow).
The proximity of the processing temperature to the
order—disorder transition (ODT) of the sample and the
deformation rate are the primary factors that determine
the overall microdomain alignment.

For many years, the only known orientation induced
in lamellae by an oscillatory shear flow was the parallel
variety (see Figure 1a).22 The discovery by Koppi et al.
of the perpendicular alignment* caused a renewed
interest in flow-induced manipulation of the structure
of lamellar-forming block copolymers. This alignment
(see Figure 1b) was generated by flipping the parallel
orientation in response to increasing the shear fre-
quency in a poly(ethylene—propylene)—poly(ethyleth-
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shear direction

(a) parallel (b) perpendicular  (c) transverse

Figure 1. Three orthogonal orientations of the lamellar
microstructure with respect to the imposed shear. The geom-
etry of the shear plates (shown at the top) identifies the shear
direction X, the shear gradient direction y, and the neutral or
vorticity direction z. (a) Parallel lamellae with the layer normal
aligned parallel to the shear gradient y. (b) Perpendicular
lamellae with the layer normal aligned parallel to the vorticity
direction z. (c) Transverse lamellae with the layer normal
aligned parallel to the shear direction x.

ylene) (PEP—PEE) sample near the Topr. However,
Winey and co-workers observed a flip in a polystyrene-
polyisoprene (PS—PI) sample from perpendicular to
parallel with increasing frequency,>1? which apparently
contradicts the findings of Koppi et al. Much additional
research has generated a conceptual framework that
includes at least three orientation regimes in these
systems at temperatures close to Topr,”#1314 which are
separated by the characteristic frequencies wq and wc,
that can be determined by dynamic mechanical spec-
troscopy.1115 (Throughout the literature on this subject,
and here, the nonlinear viscoelastic properties at 7 have
been related to the linear behavior at w, based on the
empirical Cox—Merz rule.1®) The shear stable alignment
is parallel at low frequencies below wy, where the
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viscoelastic properties are governed by the collective
relaxation of numerous lamellae organized into a
polygrain structure. In the intermediate region between
wq and wc, the perpendicular alignment is stable. The
response in the intermediate region is believed to be
controlled by the dynamics of individual lamellae. In
the high-frequency spectrum above ., the shear-stable
alignment is parallel, and the rheology is influenced by
the distortion and relaxation of single molecules.

The third possible orientation of the lamellae is the
transverse alignment, where the layer normal is parallel
to the direction of shear (see Figure 1c). Transverse
lamellae have never been observed as a stable align-
ment in response to a shearing process, although this
orientation has been deduced to be a transient structure
in certain time-resolved experiments. Zhang et al.”
observed a mixed morphology of transverse and parallel
components that developed into an alignment domi-
nated by the parallel component when subjected to
extended periods of oscillatory flow at a modest strain
amplitude (Jy| = 30%). Chen et al.'® used real-time
birefringence to study the progress of shear-induced
alignment under these conditions. In the high shear
frequency regime (w0 > ), a transformation of un-
aligned regions was seen, which predominantly gave a
parallel and transverse alignment. This happened dur-
ing an initial “fast” process, followed by a late stage
“slow” process during which the transverse projection
was eliminated. Similar biaxial textures have also been
reported by Okamoto et al.’® and Pinheiro et al.l®
Medium-amplitude oscillatory shear (|y| ~ 50%) induced
both the parallel and transverse orientations, which
after the cessation of shear and subsequent annealing
relaxed toward parallel lamellae by losing the trans-
verse projection of the alignment. (The term “large
amplitude” shear widely covers shearing of strains in
the nonlinear regime. In this report, we prefer to use it
to describe reciprocating or oscillatory flows with at
least one rotation around the vorticity axis, i.e., |y| =
m. Shears of smaller strains are denoted “medium
amplitude”, and deformations within the linear vis-
coelastic regime are referred to as “low amplitude”).

The bulk of the research in this field has focused on
the effects of alignment by dynamical oscillatory shear
fields at temperatures below Topt and at typical maxi-
mum shear strains |y| less than 100%. In some shear
studies, much larger strain amplitudes (500—600%)
were applied in simple sawtooth reciprocating shear at
temperatures both below and above the TopT.2°723 These
strains produce nearly a double rotation around the
vorticity direction, and accordingly, these experiments
produce flow effects that qualitatively resemble the
conditions of simple steady shear. The physics of shear-
ing changes completely when shear is applied in the
disordered state, and interesting phenomena are ob-
served when shearing above but close to the Topt, Where
composition fluctuations dominate the state of the
sample. Koppi et al.2% used a steady reciprocating shear
of |y] = 500% to induce the perpendicular state of a
lamellar PEE—PEP diblock copolymer at temperatures
a few degrees above Topt. This result confirmed a
theoretical prediction by Cates and Milner?* that steady
shear will raise the isotropic-to-lamellar transition
temperature by suppression of composition fluctuations.
Tepe et al.?% observed a similar perpendicular alignment
when cooling below Topr at a fixed shear rate in a
symmetric PEP—PEE—PEP triblock copolymer. How-
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(a) diblock (b) triblock  (c) pentablock
Figure 2. Effect of interlayer cross-linking by multiblock
copolymers. (a) In melts of diblock copolymers, no domains are
connected by bridging blocks. (b) The middle block of triblocks
can reside in either the looped or the bridged conformation,
which will result in trans-domain coupling of end-block lamel-
lae and high level of mechanical contrast. (c) For pentablock
copolymers, all domains are linked together as a result of the
molecular architecture, due to either bridging or entangled
looping block segments resulting in low mechanical contrast.
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ever, with the triblock copolymer, the parallel orienta-
tion was the shear stable alignment in the microphase-
separated state, contrary to what was found with the
analogous diblock copolymer. In contrast to this result
Riise et al.®®> reported that another lamellar ABA
triblock system (PS—PI—PS) only exhibited the perpen-
dicular behavior. Moreover, in the same report, the
authors claimed that the equivalent lamellar PS—PI
diblock system yielded the same perpendicular result.

Tepe et al. also measured the response of the disor-
dered state of the PEP—PEE—PEP sample to recipro-
cating shear (]y| = 600%), and found no shear-induced
ordering. Instead, shearing disrupted the ordered lamel-
lar structure when applied at temperatures below the
quiescent ODT. Different shear-induced behavior below
Topt of di- and triblock copolymers*23 and variations
and potential conflicts in the reported behavior of
triblock copolymers of different designs?32% underscore
the complex nature of the processes responsible for
selecting a particular state of orientation. Obviously, the
molecular architecture of triblocks results in bridging
and entangled looping by the middle block, which
drastically reduces its ability to deform, resulting in
“mechanical contrast” between center and end block
domains. Other important parameters are the proximity
of the glass transition and entanglement effects that
also contribute to the block copolymer mechanical, or
viscoelastic, contrast.1226

To better address the critical issue of mechanical
contrast, we have designed a new CECEC pentablock
copolymer comprised of poly(cyclohexylethylene) (C) and
polyethylene (E). The pentablock architecture ensures
that every domain contains, on average, at least 50%
bridging or looping blocks. Both of these should behave
like trans-domain cross-linkers. Thus, a lamellar-form-
ing pentablock should offer a unique opportunity to
probe the dynamic response in the limit of complete
mechanical coupling in the melt state. Figure 2 com-
pares the state of mechanical coupling between layers
in diblocks (no coupling), triblocks (partial coupling),
and pentablocks (full coupling). We have investigated
the alignment of the CECEC sample in the ordered
state, studied how the order—disorder transition is
affected by steady reciprocating shear (]y| = 600%), and
examined the influence of shear on the state of the
sample in the disordered phase near the ODT. These
results and the associated analysis provide fresh in-
sights into the single chain and cooperative mechanics
responsible for microdomain alignment in all these types
of block copolymers. Our presentation is organized as
follows: Section 2 outlines the experimental techniques
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and procedures used in this work. The results are
presented in section 3 along with an analysis, followed
by a discussion of our findings in the broader context of
linear macromolecules in section 4. We summarize our
work in section 5.

2. Experimental Section

The CECEC pentablock copolymer was synthesized using
three basic procedures: (i) sequential anionic polymerization
of styrene (S) and butadiene (B) to yield a symmetric living
SBS triblock copolymer; (ii) coupling of this product, leading
to an SBSSBS pentablock copolymer; (iii) two-step catalytic
saturation to the corresponding poly(cyclohexylethylene) (C)—
polyethylene (E) pentablock product containing a completely
hydrogenated polyethylene block [C4Hs] and a partially deu-
terated poly(cyclohexylethylene) block [CsHnD14-n], where n =~
5.5 based on a prior study.?” The stoichiometric weight fraction
of poly(1,4-butadiene) was wg = 0.47. On the basis of a partial
deuteration of the C block given by Gehlsen et al.?’ and
published mass densities of the hydrogenous block densities
at 140 °C (pe = 0.785 g/cm? and pc = 0.920 g/cm? 28), the volume
fraction of polyethylene was fe = 0.49. The stoichiometric
number-average molar mass was M, = 52 300 g/mol with a
polydispersity index of Myw/M, = 1.04, given by gel permeation
chromatographic (GPC) traces of the unsaturated SBSSBS
precursor polymer using polystyrene calibration standards.
GPC measurements were made on a Waters 150C instrument
operated with a tetrahydrofuran (THF) mobile phase at 30 °C.
On the basis of these results the amount of residual SBS
triblock was less than 5% by weight.

Polymerization. The synthesis procedure was as follows.
Rigorously purified styrene monomer (Aldrich Chemical Co.)
was initiated with sec-butyllithium (Aldrich Chemical Co.) and
polymerized in purified cyclohexane at 40 °C under an argon
atmosphere. After 4 h, purified 1,3-butadiene monomer (Ald-
rich Chemical Co.) was added directly to the reactor and
polymerization was continued for approximately 12 h at 40
°C. Under these conditions 93% 1,4 and 7% 1,2-addition
occurs.?® Crossover from styryllithium to butadienyllithium
was evidenced by a loss of the orange color. The reaction
mixture was then cooled to 8 °C, where it was maintained for
all subsequent steps. THF was added in a ratio of ap-
proximately 50:1 ([THF]:[Li]). Another batch of purified sty-
rene monomer was then added slowly to the reaction mixture
with vigorous stirring. The color quickly turned orange,
signaling a fast crossover. Under these reaction conditions, the
styrene monomer was essentially completely reacted within
several minutes of completing monomer addition to the reactor,
but to ensure complete conversion, the polymerization was
continued for approximately 4 h. Subsequently, a solution of
butadiene monomer predissolved in purified THF was added
dropwise until the color turned light green. On the basis of
the mass of butadiene/THF solution added, the polybutadiene
capping sequence was estimated to be four repeat units long.
This short capping block facilitates the following coupling
reaction. The coupling agent, a,o’-dichloro-p-xylene, was in-
troduced dropwise in a purified THF solution. The end point
of the coupling reaction was indicated by the disappearance
of the light green color characteristic of poly(1,2-butadienyl)-
lithium anions in the presence of THF. The resulting SBS'BS
pentablock copolymer precursor (here S’ signifies SS) was
recovered by precipitation in methanol. (We note that the
oligomeric capping block at the center of this polymer is
ignored in the remainder of this presentation. Thermodynamic
considerations indicate it will not significantly effect the overall
morphology or melt dynamics.)

Two-Step Saturation. A two-step saturation process was
carried out on the SBS'BS pentablock copolymer for the
purpose of creating neutron scattering contrast between the
blocks of the molecule, by following a method reported by
Gehlsen et al.?”:%° First, the B blocks were selectively hydro-
genated using a homogeneous Wilkinson’s catalyst.3! The dried
SBS'BS pentablock copolymer precursor was dissolved in
cyclohexane. The hydrogenation reaction was conducted for 4
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Figure 3. Experimental setup of the in situ shearing device.
The deformation is defined by the shear direction x, the shear
gradient y, and the neutral direction z (see Figure 1). SANS
measures scattering in the (x,z) plane as a function of scat-
tering angle 6. The incident neutron beam is parallel to the
shear gradient y.

h at 100 °C under 100 psi hydrogen pressure. Subsequent
NMR analysis (Varian VXR-300) of the recovered SES'ES
polymer in perdeuterated benzene [C¢Ds] confirmed hydroge-
nation of more than 99.5% of the carbon—carbon double bonds
of the B blocks, while the aromatic unsaturations of the S
blocks remained intact. Second, the S blocks were saturated
by heterogeneous catalytic deuteration using a novel Pt on
SiO, catalyst.®? The deuteration reaction was carried out in
the cyclohexane solution for 12 h at 177 °C under 500 psi
deuterium pressure. All saturation reactions were conducted
in a PPI (Precision Pressure Industry) reactor. High-temper-
ature GPC measurements on the totally saturated CECEC
block copolymer gave no evidence of chain degradation during
the saturation processes.

Mechanical and Structural Characterization. Solid
samples of the neat block copolymer were prepared by com-
pression molding of the precipitated polymer powder. The
sample powder was placed in a mold and sandwiched between
sheets of Teflon and stainless steel plates. Pressure was
applied stepwise (200, 500, and 1000 psi) for 2 min each, at
220 °C. Following cooling to approximately 130 °C a pressure
of 1000 psi was held for 2 min before cooling to room
temperature. High-temperature GPC measurements on samples
taken from the pressed sheets of block copolymer showed no
sign of degradation.

Measurements of the dynamic shear storage and loss moduli
(G'and G"") were made using a Rheometrics RSA Il instrument
fitted with a shear sandwich fixture. The sample thickness
between the shear plates was 0.5 mm. During measurements
the sample was kept under a protective temperature controlled
nitrogen atmosphere.

Small-angle neutron scattering (SANS) experiments were
performed at the National Institute of Standards and Technol-
ogy (NIST) Center for Neutron Research, Gaithersburg, MD.
A neutron wavelength of 1 = 6.0 A was used with a spread of
AAA = 0.11. The sample to detector distance was 4.48 m. Two-
dimensional frames of scattering data were recorded and
corrected for background scattering and detector response prior
to analysis. Each frame was accumulated over 60 s. An in situ
reciprocating shear apparatus*3 was employed for obtaining
SANS patterns while simultaneously deforming the sample.
During measurements at high temperatures the apparatus
was kept in an environmental chamber filled with helium to
prevent sample degradation and reduce loss of neutron beam
intensity. A sample thickness of 0.35 mm was maintained by
two aluminum plates of dimensions 2.54 cm x 2.54 cm with
milled grooves and anodized rails.3* The deformation of the
sample followed a saw tooth profile with a maximum displace-
ment of £2.1 mm, which gave a maximum strain amplitude
of |y| = 600%. Figure 3 shows the experimental setup of the
in situ shear device. The shear direction x is vertical and the
incident neutron beam is parallel with the shear gradient
direction y.

Small-angle X-ray scattering (SAXS) measurements were
performed at the Institute of Technology Characterization
Facility at the University of Minnesota. Copper Ko radiation
of wavelength 1 = 1.54 A1 was generated by a Rigaku Ru-
200BVH rotating anode using a 0.2 x 2 mm? microfocus
cathode and monochromated by total reflecting Franks mirrors
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Figure 4. Characterization of the order—disorder transition.
The arrows indicate data obtained during heating or cooling.
The Topr is evidenced by a drop in elastic modulus G' around
210 °C during heating. The cooling curve shows hysteresis,
which indicates some degree of supercooling of the disordered
state. Experimental conditions were: heating/cooling rate =
1 °C, oscillating frequency w = 1 rad/s, and shear strain |y| =
1%.

and a nickel foil filter. Two-dimensional diffraction data were
collected with a Siemens HI-STAR multiwire area detector
located 231 cm from the sample. All data were corrected for
detector response characteristics prior to reduction. The SAXS
data were collected at ambient temperature.

Transmission electron microscope (TEM) images were re-
corded at 120 kV with a JEOL 1210 TEM instrument. Samples
were prepared and stained by the technique described by
Brown and Butler®536 that relies on different degrees of
diffusion of the stain into the amorphous poly(cyclohexyleth-
ylene) and the semicrystalline polyethylene. A plane surface
was cut cryogenically with a glass knife to create a smooth
surface for staining in vapors of RuO,. The stained sample was
then microtomed (Reichart ultramicrotome) with a diamond
knife at ambient temperatures into 80 nm thick sections, that
were floated on water and collected on copper TEM grids for
analysis by TEM.

3. Results and Analysis

3.1. Linear Dynamic Mechanical Properties. The
thermotropic properties of the pentablock copolymer
were characterized by measuring the rheological re-
sponse while heating and cooling the sample between
the ordered and disordered states. The elastic storage
modulus G', plotted in Figure 4, shows a significant drop
of more than a decade at 210 °C upon heating the
sample 1 °C/min at a frequency of w = 1 rad/s and a
shear strain of |y| = 1%. This indicates an order—
disorder transition temperature at Topr = 210 + 2 °C.
Upon cooling at the same rate, the dynamic elastic
modulus displays a significant hysteresis, meeting the
heating data at T = 195 + 2 °C. This hysteresis loop
shows that the disordered state supercools approxi-
mately 15 °C below the equilibrium Topr under these
conditions. A similar behavior has been reported for
other block copolymer systems3’ and is attributed to the
relatively low rate of nucleation and growth of the
ordered state compared to the rate of cooling. Continued
cooling of the sample (not illustrated) showed no char-
acteristic features before the temperature equaled the
crystallization temperature T, = 108 °C at which point
G' significantly increased. There was no indication of a
glass transition of the C blocks which could be expected
at the bulk value T4 = 145 °C.
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Figure 5. Isothermal dynamic viscoelastic properties of
CECEC. (a) The frequency dependence of the elastic modulus
G' (squares) and the loss modulus G" (circles) of the ordered
sample at T = 199 °C and |y| = 1%. Arrows indicate the
positions of the crossover frequency wy and the characteristic
frequency w.. (b) TTS plot (G' vs w) which defines the
characteristic frequency w.. Frequency sweeps were measured
at five temperatures: (x) 199, (O) 204, (») 209, (v) 214, and
(©) 219 °C; and shifted by factors ar to the reference temper-
ature T = 199 °C.

The isothermal dynamic viscoelastic properties were
probed using frequency sweeps (0.02—100 rad/s) below
and above Topt at a constant strain of |y| = 1%. The
response of the sample at 199 °C is shown in Figure
5a. At frequencies w > wy, G' is greater than the
dynamic loss modulus G", while at frequencies o < wy,
G" is greater than G'. The crossover frequency wsy,
defined as the point where G' = G", is generally taken
as a measure of the longest molecular relaxation time
7. The characteristic frequency w¢, which we associate
with the onset of microdomain dynamics as o is
reduced,3® was determined from the time—temperature
superpositioning (TTS) of several frequency sweeps at
w > we. A TTS plot at the reference temperature 199
°C is shown in Figure 5b. Since CECEC is not a
rheologically simple material, use of the TTS principle
is not rigorously valid.3® Nevertheless this method of
data reduction has been shown to be quite useful in
isolating the different dynamic regimes in ordered and
disordered block copolymer melts. Within accuracy the
characteristic frequency w. is the same as the crossover
frequency wx. Frequency sweeps of the disordered state
showed terminal viscoelastic behavior for a fluid (G' ~
w?, and G" ~ w (not shown)) at low frequencies (v <
We).

3.2. Large Amplitude Steady Reciprocating
Shear. In the following sections, we report the CECEC's
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Figure 6. Two-dimensional neutron scattering patterns
before and after shearing at 183 °C. (a) The isotropically
ordered state gives an azimuthally symmetric ring of scatter-
ing. (b) The shear-induced ordered state yields well-defined
equatorial Bragg reflections of both first and second order,
which is associated with a perpendicular lamellae alignment.
The SANS intensity is plotted on the same logarithmic scale
with one contour level per decade.
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sensitivity to shear in both the ordered and disordered
states. Our main tools are the in situ shear apparatus
and the 2-dimensional SANS instrument that permits
the simultaneous imposition of shear while interrogat-
ing the associated effects on morphology. Three types
of shearing experiments were employed: cooling, heat-
ing, and constant temperature. In cooling and heating
experiments, the shear rate was fixed and temperature
was changed manually in 1 °C stepwise increments with
the continuous synchronous collection of data in 60 s
intervals. Because of heat transfer limitations the
sample temperature lagged slightly behind the set
values of the temperature controller, resulting in an
error of about 1 °C at any given moment in the
experiment. At constant temperature a steady-state
response was established based on attainment of an
invariant scattering pattern. Transient responses after
the abrupt cessation of shear—a fourth type of isother-
mal experiment referred to as a shear quench—were
characterized by recording scattering patterns at regu-
lar intervals (60 s) for a period of time.

The SANS experiment measures the scattered inten-
sity |1 as a function of scattering angle 6 in the (x,z)
plane, which coincides with the plane of the shear
direction x and the neutral direction z (see Figure 3).
The magnitude of the scattering vector q is directly
related to the scattering angle by |q| = 4x/A sin 6/2,
where 4 is the radiation wavelength. The two-dimen-
sional SANS data were reduced to one-dimensional form
in various ways. Radial plots (I(qx)) or 1(q,) were
obtained by azimuthal integration of wedge-shaped
sections over in-plane azimuthal angles ¢ within £25°
of either the vertical (x) or the horizontal (z) directions.
Circular plots (Ig<(¢)) were obtained by radial integration
of the data within a band of +0.003 A~! from the
scattering peak position g*. Two-dimensional SAXS data
were reduced similarly.

3.2.1. Shear Stable Lamellae at T < Topt. TO
determine its response to shear, a compression-molded
CECEC sample was loaded into an aluminum shear cell
and mounted on the in situ shear apparatus. Any
uncontrolled shear alignment due to the loading proce-
dure was erased by disordering the sample at 215 °C.
From disorder the sample temperature was set to 183
°C. After thermal equilibration, this resulted in a ring
of scattering as shown in Figure 6a. The intensity is
approximately twice as great as the ring of scattering
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produced in the disordered sample, consistent with the
development of a microphase-separated structure. The
azimuthally symmetric ring shows that there is no
orientational preference of the structure. The lack of
higher-order reflections indicates that the sample prob-
ably contains relatively short-range translational order.

The unaligned state of the ordered morphology was
further investigated by TEM of the compression-molded
pentablock. A TEM image obtained from a RuQ4 stained
thin slice of this material is shown in Figure 7a.
Consistent with the SANS (and SAXS, not shown)
analysis there is no evidence of long-range order,
although grains of regular short-range segregation (~50
nm across) are apparent.

The ordered but unaligned sample was kept at 183
°C in the in situ apparatus, while the shear was
activated. The applied shear deformation exposed the
sample to a strain amplitude of |y| = 600% at a shear
rate of y = 1.0 s™%. Figure 6b illustrates the SANS
pattern recorded during the first 60 s of shearing (2.5
complete shear cycles). Microdomain orientation is
clearly evidenced by two strong equatorial spots with
second-order reflections, consistent with a well-aligned
perpendicular lamellar structure (see Figure 1b and
additional analysis below). Domain alignment occurred
rapidly relative to the time scale of the SANS measure-
ment. Within the first 10 s of the experiment the real-
time detector display revealed nearly the full response
recorded at 60 s. Continued shearing did not change the
scattering data, which indicates that this lamellar
orientation is the shear stable morphology of the
CECEC sample under these conditions.

3.2.2. Disorder-to-Lamellae Transition. Cooling
the sample from the disordered state without the
application of shear yields a macroscopically isotropic
morphology (see Figures 6a and 7a). To see what effect
shear has during the isotropic-to-lamellar transition the
sample was cooled from disorder while shearing. From
an initial temperature T = 213 °C the sample was cooled
1 °C/min while collecting SANS data every 60 s. The
instrument was set at the relatively low shear rate of 7
= 0.1 s7L. Transformation of the scattering pattern from
a circularly symmetric ring into well-resolved equatorial
spots and recognizable second-order reflections similar
to the data in Figure 6b established the disorder-to-
lamellae transition temperature to be Tgis—jam = 195 +
1 °C. This value agrees with the rheological data (see
Figure 4). Again, the symmetry of the SANS picture
shows that the sample is well ordered and consistent
with a perpendicular orientation. This behavior was
reproduced while applying greater shear rates (7 = 1.0
s71), which provided a protocol for a fast and reliable
formation of the well-aligned lamellae by cooling the
sample rapidly from disorder to 183 °C while shearing.
We used this protocol repeatedly for aligning the
sample.

The equatorial spots in the two-dimensional SANS
are consistent with the perpendicular orientation, but
only project the structure in the (x,z) plane. To support
our interpretation of the SANS data, we prepared a
separate sample ex situ and examined it by SAXS and
TEM. The shear alignment was performed on the RSA
Il instrument at a frequency of w = 1 rad/s and strain
y = £99%. The sample was loaded and disordered at
220 °C. While shearing, the sample was cooled 2 °C/
min to 195 °C where shear was maintained for 1 h.
Following the cessation of shear, the sample was cooled
to room temperature for structural analysis. Illustrated
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Figure 7. TEM micrographs of a compression-molded and a
shear-aligned sample of CECEC. Staining with RuO, leaves
the semicrystalline domains of polyethylene dark and the
glassy domains of poly(cyclohexylethylene) light. (a) Regularly
layered grains of approximately 50 nm in size evidence the
short-range translational order in the compression-molded,
unaligned sample. (b) Long-range perpendicular order exceed-
ing 1 um is evident in the shear-induced specimen. The
structure is viewed along the shear direction and shows the
regular organization of lamellae in the (y,z) plane.

in Figure 8a are three SAXS patterns obtained from this
sample with the incoming beam directed along the x, y,
and z axes (see top illustration in Figure 1). Circular
plots (Ig«(¢) vs ¢) of each pattern are shown in Figure
8, parts b—d. The presence of two intense points of
scattering in reciprocal space along the z direction
suggests a single-crystal-like alignment of the structure.
The first-order reflection at g* was accompanied by
higher order diffraction at 2g* and 3g* (not illustrated).
To obtain a real space image of the structure the

Macromolecules, Vol. 34, No. 4, 2001

(b) (y,2)-projection (C) (x,Z)-projection
El '
S 4 -
- -
= - -
U- 0-
0 % 180 20 360 0 % 180 20 360
(a) (d)  xyrprojecton

A [ — )

¢/(deg)

Figure 8. SAXS analysis of shear-induced lamellae orienta-
tion. Two-dimensional scattering patterns were obtained in the
three orthogonal directions (x, y, and z). (a) The two-
dimensional data are illustrated in three-dimensional recipro-
cal space, and related to the shear coordinate system. Nearly
all scattering from the sample is concentrated in two Bragg
points along the z-direction. (b—d) The circular plots of the
SAXS patterns of each projection are shown on the same linear
intensity scale. The z direction marks the zero angle (¢ = 0)
in parts b and ¢, while the y direction marks the zero angle in
part d. This SAXS data are consistent with the assignment of
a perpendicular lamellar orientation.
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specimen was microtomed along the (y,z) plane, stained,
and analyzed by TEM. Figure 7b shows the micrograph
which reveals a well-aligned lamellar morphology over
length scales of macroscopic order (> 1 um). Indeed the
results presented in Figures 7b and 8 prove that
shearing has created perpendicular lamellae.

3.2.3. Temperature and Shear Rate Limits of
Perpendicular Lamellae. The perpendicular lamellar
orientation was shear-induced by quenching the sample
from disorder as described in the previous section. This
guaranteed reproducibility and offered the possibility
of using the same specimen for a series of different
experiments by erasing any sample history through
disordering. The range of stability of the perpendicular
lamellae was evaluated by scanning either temperature
(at 1 °C/min) or shear rate y (in steps of 2 s7%) and
recording changes in the 2D SANS patterns. Four
trajectories through (T, y) space were analyzed. The
perpendicularly aligned sample was either heated at
constant shear rates (0, 1, and 5 s™1) or exposed to
increasing values of shear rate at 183 °C.

The static heating run (7 = 0 s71) resulted in the loss
of equatorial Bragg reflections at T =211 + 1 °C, which
we associate with Topr. This agrees well with the Topt
that was determined by rheology (see Figure 4). Heating
the sample while applying a shear rate of y = 1 s71
resulted in the same value for Topt. When using a shear
rate of y = 5 s~1 the measured ODT dropped slightly to
T = 209 £ 1 °C, which shows that the transition
temperature is almost independent of shear rate for
rates below 5 s71.

To check for stability with respect to shear rate, the
sample was subjected to a series of increasing shear
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Figure 9. Two-dimensional SANS patterns obtained at two
shear rates at T = 183 °C. (a) y = 4 s! yielded equatorial
Bragg reflections associated with perpendicular lamellae. (b)
y = 10 s™* produced a ring of scattering with weak meridional
anisotropy interpreted as a shear-disordered state. Intensities
are plotted on the same logarithmic scale with one contour
level per decade.

rates (y = 2, 4, 6, 8, and 10 s) at T = 183 °C, well
below the static ODT. Figure 9 shows two representative
scattering patterns obtained at 7 = 4 and 10 s™1. These
images are qualitatively different in two ways: The
intense Bragg reflections convert into a ring of scatter-
ing with broad and weak maxima, and the equatorial
scattering symmetry associated with the perpendicular
orientation transforms into meridional symmetry, at low
and high y, respectively. A shear rate dependent flip of
the lamellae to a predominantly parallel orientation
with a small transverse component would agree with
the scattering pattern shown in Figure 9b. However,
this possibility is ruled out by the results of shear
guench experiments and TEM investigations to be
described below (see section 3.2.5). Therefore, we as-
sociate this transformation, which occurred at y =7 +
1 s71, with a shear-induced order—disorder transition,
Toot(y).

Equatorial reflections associated with the perpen-
dicular orientation were obtained under all conditions
where ordered lamellae formed, regardless of shear rate
and temperature applied to the sample. These results
are summarized in the steady-state phase portrait
depicted in Figure 10.

3.2.4. Sheared Disordered State. The SANS sig-
nature of the shear-induced disordered state was a ring
of relatively weak scattering. However, the scattering
pattern showed a peculiar anisotropy (see Figure 9b).
To establish that this represents a true steady-state
response we devised an alternative experimental path
(avoiding the ordered state) to the same conditions.

The temperature was set above the ODT at 213 °C,
and the effects of the large amplitude shear were
analyzed by comparing the scattering (14+(¢)) obtained
without and with shear (see Figure 11a). An azimuth-
ally flat profile was obtained without shear (filled
symbols) which can be associated with a completely
isotropic distribution of composition fluctuations.3740 At
y = 10 s~ (open symbols) the vertical intensity 1(qy)
(at ¢ = 90° and ¢ = 270°) is 20% above the level of the
horizontal intensity 1(g}) (at ¢ = 0° and ¢ = 180°),
which equals the intensity level measured without
shear. A subtle but reproducible shift in the peak wave
vector g is also evident as shown in Figure 11b, where
the peak in the vertically scattered intensity from the
sheared sample (dotted line) lies approximately 3%
lower than the peak of the unsheared data (full line) at
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Figure 10. Phase portrait (Topt(y) vs y) showing the steady-
state structure of CECEC when subjected to y = +600%
reciprocating shear. The full line is a guide to the eye. The
transition to the disordered state (circles) was identified by
the loss of well-resolved Bragg scattering from the perpen-
dicular lamellae. A transition from the disordered state to
perpendicular lamellae (square) was obtained upon cooling (1
°C/min) while shearing (7 = 0.1 s™).

qi(y = 0) = 0.0372 + 0.0006 A~1. In contrast, there is
no apparent shift in g without and with shear (circles
and crosses, respectively).

Figures 9b and 11a show the same anisotropy of the
disordered state of the polymer at a shear rate y = 10
s71, but at two different temperatures: 183 °C (below
the static ODT) and 213 °C (above the static ODT). To
match up these data and to confirm that the state of
the sample is related at these two temperatures, a
cooling while shearing experiment was conducted. Be-
ginning at T = 212 °C and shear rate y = 10 s71, two-
dimensional SANS data were collected while cooling to
183 °C. The cooling produced an increased anisotropy
between the vertical intensity I(qgy) (squares) and the
horizontal intensity 1(q}) (circles) as shown in Figure
12a. At the end of this cooling procedure the vertical
intensity 1(g;) was more than twice the value of the
horizontal intensity 1(q;). Figure 12b shows the change
in the magnitude of the vertical (squares) and horizontal
(circles) components of the scattering peak vector (g
and g;). The relative shift in peak position increases
during cooling. The vertical component ¢ is about 10%
smaller than the horizontal component ¢} at 183 °C.
During cooling I(g*) and g* change monotonically,
without any evidence of discontinuity, consistent with
a continuous disordered thermodynamic state. This
experiment also showed consistency between SANS data
(see Figures 9b, and 12 at 183 °C) obtained following
different processing routes through temperature—shear
rate space to the same point (T = 183 °C, 7y = 10 s71)
indicating that this reflects the steady state structure.

3.2.5. Transverse Alignment. To test how the
anisotropy of the disordered state at high shear rate
affects the isotropic-to-lamellae transition of the pen-
tablock, we employed a previously described shear jump
technique.?? The scattering from the disordered state
while shearing at T = 183 °C and y = 10 st is
reproduced in Figure 13a. Following 3 min at this
temperature (with no change in the scattering pattern)
the shear was abruptly turned off (y = 0 s7%). Figure
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Figure 11. Comparison of the SANS intensity from the static
(y = 0 s71) and sheared (y = 10 s™!) states of CECEC at T =
213 °C. (a) Circular plot of the static data (filled circles) shows
an isotropic profile of constant intensity. The circular plot of
the sheared data (open squares) reveals shear-induced ani-
sotropy of the scattering pattern, with peak intensities along
the shear direction x (¢ = 90° and ¢ = 270°). (b) Radial plots
of the scattering without and with shear (along the x direction)
show a shift in g; while shearing (dotted line) as compared to
the static scattering (full line). Radial plots of the scattering
(along the z direction) without (open circles) and with shear
(crosses) are also shown, which both coincide with the static

gy peak.

1b shows the SANS pattern recorded during the first
60 s of scattering after shearing was stopped. In fact,
we obtained qualitative evidence of such scattering after
just 10 s, the detector display time, although the data
were binned over 60 s increments in order to accumulate
suitable counting statistics. The scattering transforms
to a set of strong meridional Bragg reflections at g
and 2q;. The vertical intensity I(qgy) increases more
than a decade while the horizontal intensity 1(q}) drops
similarly as a result of the shear quench. At the point
of the shear jump the vertical wave vector gy relaxes
back to its original no-shear level. Within experimental
error the horizontal value of g; does not change. The
scattering pattern of the (x,z) plane in Figure 13b
indicates that the sample has ordered in the “forbidden”
transverse lamellae orientation with the layer normal
aligned parallel to the shear direction x. The SANS data
appear to rule out any partial perpendicular alignment
of the sample due to the vanishing horizontal intensity
1(g}). We repeated this experiment several times with
complete reproducibility.
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Figure 12. Scattering from the disordered sheared state (y
= 10 s™Y), while cooling from 212 °C to 183 °C at 1 °C/min.
The anisotropy of 1(q*) and the relative shift of g* is illustrated

by comparing values along the x-axis (I(q})) to values along
the z-axis (1(q})). (a) The scattering anisotropy is enhanced by
cooling as 1(gy) (squares) increases to more that twice the
value of the unsheared intensity level at 212 °C, while I(q})
(circles) remains constant. (b) The relative shift between q
(squares) and q; (circles) also increases during cooling.

Following transverse alignment, one sample was
cooled and removed from the shear apparatus for
analysis by TEM. Micrographs of this sample were
obtained from two orthogonal projections. An image of
the (x,y) plane with clear evidence of well-aligned
(transverse) lamellae is shown in Figure 14a. The arrow
indicates the direction of shear applied prior to the
guench. Figure 14b shows the TEM picture obtained
from a section microtomed along the (y,z) plane. This
represents a projection along the normal of the layered
structure, and consistent with our interpretation, no
lamellae are seen. The TEM images confirm the trans-
verse orientation of the lamellae. This alignment re-
sulted from shear quenches from the disordered state
aty =10s tand T = 183 °C irrespective of prior sample
history. A sample that was sheared (y = 10 s71) at 213
°C, cooled to 183 °C, and then quenched displayed the
same SANS signature that we associate with the
transverse structure.

However, the transverse lamellae orientation in Fig-
ure 13b is not stable to shear. When shearing was
resumed, the sample immediately realigned to give
equatorial Bragg reflections, which we associate with
the perpendicular lamellae. Figure 13c shows the SANS
pattern obtained during the first 60 s of scattering after
the transverse structure was exposed to shearing at a
rate of y = 1 s™1. The reorientation kinetics take place
on a shorter time scale than we can resolve with this
neutron scattering technique. (Again we observed ap-
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Figure 13. Comparison of SANS patterns obtained as a
function of processing history at T = 183 °C. (a) Steady-state
shearing at y = 10 s™* (same data as Figure 9b). (b) Result of
shear quenching from (a). Occurrence of meridional Bragg
reflections is consistent with transverse lamellae. (c) Data
collected during the first 60 s of shear (y = 1 s™%) beginning
from state b. Equatorial Bragg reflections signal a flip to
perpendicular lamellae. SANS intensities are plotted on the
same logarithmic scale with one contour level per decade.

parently complete realignment in the first 10 s detector
response after the shear device was turned on.) Re-
markably, we obtained a similar result with shear rates
as low as y = 0.1 s71. At the lower shear rate, realign-
ment was evident after 60 s of shear, which implies
essentially complete transformation to the perpendicu-
lar form with just 600% of strain (equal to one-quarter
of a full shear cycle). This finding confirms that the
perpendicular geometry is the steady-state orientation
of the CECEC pentablock copolymer.

4. Discussion

4.1 Shear-induced Orientation of the Ordered
State. To understand the shear stability of a lamellar
structure in a block copolymer, it is instructive to
visualize the effects of a £600% strain amplitude on the
different orientations as shown in Figure 15. Shearing
of parallel lamellae is shown in Figure 15a. The lamellar
structure is represented by sheets that symbolize the
interfaces between layered domains. We have drawn
this illustration with the strain distributed homoge-
neously throughout the structure. However, this ar-
rangement is capable of accommodating mechanical
contrast between layers, i.e., one domain is able to flow
or deform more easily than the other domain due to
differences in entanglement density or proximity to the
glass transition.
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(b)

Figure 14. TEM micrographs taken from RuO, stained slices
of the CECEC specimen that produced Figure 1b. (a) Sample
microtomed in the (x,y) plane, where the arrow indicates the
direction of shear (see Figure 1). (b) Sample microtomed in
the (y,z) plane. Three levels of contrast are evident in these
images: Uniform gray (glassy poly(cyclohexylethylene)), nearly
white (crystalline polyethylene), and black (amorphous poly-
ethylene). The combination of well-aligned layers (a) and a
complete lack of structure (b) is consistent with a transverse
lamellae morphology.

Deformation of the transverse—“forbidden”—mor-
phology is illustrated in Figure 15b. Assuming a con-
stant sample density, each lamellar domain must
maintain a constant volume during the strain cycle
necessitating a reduction in the d-spacing as the strain
magnitude increases, which will be restricted by the
tendency for the polymer blocks to assume random walk
conformations. Hence, the transverse structure is not
expected to be stable under large amplitude shearing.

Like the parallel orientation, the perpendicular mor-
phology in Figure 15c can maintain a constant d-spacing
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(a) parallel

(b) transverse

Figure 15. Visualization of a £600% shear strain on the three
orthogonal orientations of the lamellar mesophase. (a) In the
parallel orientation, the layered domains can slide past each
other during shearing without effecting the d-spacing. (b)
Assuming constant sample density, shearing will change d in
the transverse structure. (c) Shearing the perpendicular
orientation rotates the lamellae without changing the d
spacing. Only part ¢ can accommodate fully mechanically
coupled lamellae.

(c) perpendicular

during shear. However, this arrangement will not
necessarily best accommodate lamellae with (extreme)
mechanical contrasts, since all domains must sustain
the same degree of deformation. In the limit of one stiff
and one soft domain, a much higher shear stress will
result from the perpendicular than the parallel orienta-
tion. This forms the basis for rationalizing the selection
of parallel lamellae in certain triblock copolymers.?3:26
However, shearing involves no relative displacement of
perpendicular layered domains, and this likely explains
why the perpendicular orientation is the shear stable
arrangement for pentablock lamellae. In the CECEC
pentablock copolymer, the chain architecture dictates
that all domains contain blocks that reside in either the
bridged conformation or, if looped, then probably en-
tangled. This effectively stitches together all the do-
mains with covalently bonded blocks, yielding a me-
chanically fully coupled nanocomposite (See Figure 2c).
Since none of the domains can slide relative to each
other, the parallel orientation is not plausible. The
perpendicular morphology permits deformation of the
lamellae without significant conformational distortion
of bridging and entangled looping chain segments. Thus,
the perpendicular orientation can be rationalized as
uniquely stable to large amplitude shear in lamellae
forming pentablock copolymers.

Shear-induced alignment of diblocks below Topr is
complex and the selection of a steady state parallel or
perpendicular orientation is frequency and temperature
dependent. However, the Kkinetics involved are relatively
slow with typical times of hours of shearing before long-
range alignment develops.**#? In this context, it is
remarkable how fast the well-aligned state is obtained
for the CECEC sample. After only 10 s of shearing the
perpendicular orientation is created (see Figure 6b). The
SANS experiments do not offer the possibility of time
resolution of the alignment process but only document
the final effect of shearing the unaligned ordered state.
The main difference between this work and shear
studies of diblock copolymers by other groups is the
value of shear strain, which typically is |y| < 100%. We
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used |y| = 600%, which could influence the times
required to reach steady state. Tepe et al.?% used |y| =
600% in their study of shear alignment of PEP—PEE—
PEP triblock and reported orientation times of 10 min
or longer under similar rheological conditions. This is
an order of magnitude faster than the typical time
needed for aligning PEP—PEE diblocks,* but is still 1
or 2 orders of magnitude slower than the response time
of the pentablock in this study. Many mechanisms have
been suggested for the shear alignment of lamellar
diblock copolymers,*1012.13.17 and the response of lamel-
lae diblocks to shear in the ordered state is a complex
combination of elastic deformation and viscous flow.1543
At this point, we do not have a clear understanding of
the mechanisms responsible for shear alignment of
pentablock copolymers, but we conclude that the pen-
tablock responds to shear in a fundamentally different
manner than di- and triblock copolymers, based on the
drastically reduced response time. Toward the end of
this discussion we will present some speculations on this
issue, that relate shear behavior to molecular architec-
ture.

4.2. Shear-Stability of Perpendicular Lamellae—
ODT Dependence on Temperature and Shear
Rate. The shear-stable behavior of the CECEC penta-
block copolymer with respect to temperature and shear
rate is illustrated in Figure 10. Only a single orienta-
tion, the perpendicular state, was observed when shear-
ing the ordered state. Furthermore, there was no
experimental evidence of shear-induced ordering above
Toot(y = 0) in the pentablock, as reported for diblock
copolymers.?® Instead the pentablock exhibits shear-
induced disorder as illustrated in Figure 10. Similar
shear dependency of the ODT was seen for the triblock
studied by Tepe et al.,?® although in that case it was a
parallel-to-disorder transition.

Tri- and pentablock copolymers both display shear-
induced disordering, while diblocks show shear-induced
ordering. The shear rate at the point of disordering yopt-
(T) when normalized by the crossover frequency wx(T)
(taken at the same temperature T), yields roughly
yoptlwx ~ 0.05 for the PEP—PEE—PEP triblock?® and
yootlwx ~ 1 for the CECEC pentablock. Thus, on a
relative time scale, it seems that the shear stable
orientation of the pentablock is more robust than that
of the triblock. Orientations differ in the two cases, and
the apparent greater stability of CECEC may reflect the
fact that the rotational component of the shear does not
tend to distort perpendicular lamellae, while it will
rotate parallel lamellae. Because orientations are dif-
ferent, the shear-disordering mechanisms are also likely
to be different. Shear-induced disordering in the PEP—
PEE—PEP triblock takes place in the frequency regime
well below wy, where the individual polymer blocks are
dynamically relaxed. In the pentablock, disordering
happens at frequencies comparable to the time of single
chain relaxation. Therefore, the shear-induced disorder-
ing process may reflect a displacement of individual
chains by pulling C segments into E domains and vice
versa. Another indication that the disordering mecha-
nisms are different in these multiblock systems is
qualitatively different neutron scattering from the
sheared disordered states, which will be discussed in
section 4.4. In both the triblock and pentablock materi-
als a continuous path was established between the static
isotropic state (T > Topr(y = 0)) and the sheared
disordered state well below Topt(y = 0) (see Figure 12),
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which verifies the interpretation of shear-induced dis-
ordering.

4.3. Shear-induced Perpendicular Alignment
Obtained from the Disordered State. Formation of
the perpendicular state during cooling while shearing
is a common feature to all the lamellae-forming block
copolymers investigated to date, i.e., the AB, ABA, and
ABABA architectures. Koppi et al.2° found perpendicu-
lar lamellae when cooling a nearly symmetric PEP—
PEE diblock copolymer from the disordered isotropic
state. Tepe et al.2® found perpendicular lamellae when
cooling a PEP—PEE—PEP triblock copolymer from the
disordered state, although the parallel orientation was
the steady-state morphology once in the ordered state.
(Preliminary results with a CEC triblock copolymer are
consistent with the data published on PEP—PEE—-PEP
triblocks; i.e., perpendicular lamellae are obtained when
cooling from the disordered state at low shear rates, and
parallel lamellae result from shearing the ordered
material under all experimental conditions.**) Well-
aligned states have also been obtained for other block
copolymer microphases when cooling from disorder
while shearing.?! This class of ordering phenomenon is
explained by the Cates-Milner mechanism?2* of aniso-
tropic suppression of composition fluctuations in the
disordered state along the shear direction (x) and the
direction of the shear gradient (y) (see Figure 1). The
remaining composition fluctuations, which contribute
to scattering along wave vectors parallel to the neutral
direction (z), become increasingly coherent as the dis-
ordered system approaches the limit of stability upon
cooling. The result is selection of the perpendicular
lamellar alignment resulting in a divergence in 1(q}),
i.e.,, Bragg scattering. This theory is not based on a
particular chain architecture, but only relies on an
overall Brazovskii-type*® order parameter representa-
tion of the segment density. In the low frequency limit
(y < w¢) the thermodynamics of block copolymers appear
to be independent of architecture as di-, tri-, and
pentablocks exhibit esentially identical order—disorder
hysteresis loops (see Figure 4 and Refs. 37 and 46).
Thus, supercooling of the disordered phase displayed
by di-, tri-, and pentablock copolymers in this limit
suggests a similar shear response in the disordered
state, as deduced by Cates and Milner. The disordered
melt is dominated by composition fluctuations. Indi-
vidual chains can still relax, hence they (and their
architecture) play no role in how the system responds.
As the material is cooled the first element of added
stress (associated with composition fluctuations) reflects
the collective response of multiple domain periods, not
individual chains. Our work establishes this important
point of similarity in shear behavior (in the low-
frequency limit) for all linear block copolymers in the
disordered state, regardless of architecture.

4.4. Transverse Symmetry of the Anisotropic
Disordered and Aligned Ordered States

Passing through the isotropic-to-order transition via
a shear quench yields a dramatically different state than
what is obtained upon cooling while shearing at low y
as discussed in the previous section. The formation of
the well-aligned transverse state upon cessation of
shearing at 183 °C is a direct consequence of the
anisotropy of the composition fluctuations evident in the
sheared disordered state prior to shear quenching. The
meridional symmetry, with higher intensities along qj,
in the SANS pattern in Figures 9b and 13a is qualita-
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tively different from that reported earlier by Hajduk et
al.?2?2 and Tepe et al.2® for the symmetric PEP—PEE—
PEP system. Shear induced disordering of the triblock
resulted in composition fluctuations that yielded equa-
torial scattering symmetry, with higher intensities along
the z axis. Subsequent shear quenches at temperatures
well below the static ODT led to the spontaneous growth
of well-aligned perpendicular lamellae.?> Thus, the
Milner—Cates scenario for the suppression of composi-
tion fluctuations in the disordered state in all but the
gx direction in reciprocal space, appears to follow Topt-
(y) to relatively low temperatures (T — Topt(y = 0) <
30 °C) in triblocks. In contrast, increasing y transforms
the fluctuation symmetry in the CECEC disordered melt
from equatorial (7 < 1 s71) to meridional (7 = 10 s71) as
Topt(p) is tracked down in temperature (see Figure 10).
We believe these differences can be rationalized based
on the relative applied shear rate y/wy. Since wy is
inversely proportional to the single chain relaxation
time 7, the ratio y/wy is simply proportional to the
Deborah number, De = 7. Previous experiments with
PEP—PEE—PEP have been restricted to y/wyx < 1, where
single chain dynamics are not accessed, consistent with
the Cates—Milner mechanism in the disordered state.
Although we do not understand in detail why perpen-
dicular pentablock lamellae are stable at considerably
higher reduced shear rates than parallel triblocks, the
shear-induced disordered pentablock molecules must be
stretched since yopt/wx &~ 1. Apparently the combined
effects of chain stretching and composition fluctuations
are manifested in the meridional anisotropic SANS
pattern shown in Figure 13a. We are not aware of any
theory that anticipates this result. However, we specu-
late that large amplitude shearing experiments with
ABA—and even AB—block copolymers in the limit y/wy
~ 1 would result in a similar behavior since the
disordered state response to shear should be universal
(i.e., independent of architecture), when single chain
dynamics dominate the viscoelastic response.

Sketches of the postulated CECEC pentablock mo-
lecular conformations under four conditions of temper-
ature and shear rate are shown below the corresponding
SANS data in Figure 16. Our cartoons of the pentablock
copolymer are course-grained, with blobs representing
each block of the molecule. In the static disordered state
(panel a) all molecules possess random conformations
with no preferred orientation. The ring of scattering
reflects isotropic composition fluctuations at g*. Apply-
ing a high shear rate (y ~ 10 s™1) and cooling the sample
to 183 °C has two consequences (see Figures 11 and
12): The intensity is enhanced at g; and the magni-
tude of ¢ is reduced by about 10% relative to ;. In the
shear direction the slightly smaller value of g; sug-
gests chain stretching (panel b), which could explain the
experimental SANS result. The higher meridional in-
tensity and shift to lower gj are consistent with molec-
ular alignment along the shear direction x.

When the sample is shear quenched from situation b
in Figure 16, it instantly orders either by homogeneous
nucleation and growth or spinodal decomposition. (We
have not been able to establish with certainty whether
shear quenches deep into the ordered region results in
spinodal decomposition or not.??) The anisotropy created
in the disordered state controls the orientation of the
ordered material (panel c). Apparently the ordering
kinetics deep in the ordered state are faster than the
time required for chain relaxation (7). Thus, the trans-
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Figure 16. Speculated effects of shear on the molecular
conformation of the CECEC pentablock copolymer. Four
experimental conditions are marked as points a—d in the
schematic (T vs 7) diagram. The SANS pattern at each
condition is shown in the panel below together with coarse-
grained cartoons of plausible molecular conformations.

verse lamellar morphology reflects the state of CECEC
chain stretching present at 183 °C and 10 s™L.

A fundamentally different set of concepts explain the
fourth state illustrated in Figure 16 (panel d). We have
already described how mechanical contrast and the
Cates—Milner mechanism drive selection of perpendicu-
lar lamellae in the ordered state and disordered states,
respectively. Because there is some tendency for bridged
block conformations, the net molecular alignment will
be partially coincident with the lamellar normal as
illustrated in Figure 16d. Although we have not yet
determined the extent of chain orientation, we suspect
perpendicular alignment forces a much stronger con-
formational bias than would be anticipated under static
equilibrium condition. We speculate that such a “log
rolling” type of alignment with a predominance of chains
in bridged conformations directed along the z direction
would be less susceptible to the effect of shear. Looping
chain conformations, which directs the chain contour
mostly along the x and y directions, would complicate
the accommodation of large shear strain. (Metaphori-
cally, entangled hairpins will offer more resistance to
flow than straightened rolling hairpins). If correct, such
chain orientation could have significant effects on the
solid-state mechanical properties.

4.5. Mechanisms of Shear-Alignment below ODT.
As noted in section 4.1 the CECEC pentablock displays
a remarkable rapid response time for shear-alignment
(t = 10 s). The pentablock architecture results in the
mechanical coupling of all domains throughout the
sample (see Figure 2c), which effectively excludes dis-
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sipation of shear stress through sliding of grain bound-
aries or viscous flow within the central region of the
microdomains. The dynamics of domains and grain
boundaries alike are influenced by the “molecular
stitching” of the lamellae. We believe an imposed shear
strain transmits stress throughout the mechanically
coupled material, in contrast to what occurs in diblocks
and triblocks, where sliding at grain boundaries and
within domains is possible. Therefore, we postulate that
the mechanism responsible for perpendicular alignment
involves disordering of all misaligned portions of the
sample followed by spontaneous growth, analogous to
what occurs during the cooling while shearing from the
disordered state. Since 7 &~ wyx ! ~ 0.1 s (see Figure 5
with temperature correction), disordering followed by
reordering would be feasible within the 10 s transfor-
mation time identified by SANS (see Figures 6 and 13).
Taken together, these findings and our interpretations
suggest a unique alignment mechanism for the ordered
but unaligned symmetric pentablock copolymer, with an
unprecedented rapid response to large amplitude shear.
This fact, that processing affects the lamellar morphol-
ogy on a time scale of seconds (and not hours, as for
diblocks), may be an important property of pentablock
copolymers for future applications.

4.6. Comparison with Other Studies. Within the
broader context of soft materials there are many ex-
amples of shear-induced alignment of morphology in-
cluding studies of thermotropic and lyotropic liquid
crystals, as well as block copolymers. Here we comment
on a few relevant cases.

Alignment of chains in the flow direction is commonly
observed in thermotropic liquid crystalline polymers
(LCP) at high shear rates and/or temperatures. Romo-
Uribe and Windle*"#8 have reported a flip in alignment
from “log-rolling” (director perpendicular to the shear
and gradient directions) at lower shear rates to “flow-
alignment” (molecules aligned parallel to the flow) at
higher shear rates. The authors associate this transition
with a segregation of short similar blocks in the random
(block)copolymer liquid crystal that is compatible with
shear at low rates. In another multiblock LCP, Zhou et
al.*® measured a similar transition of the molecular
alignment between a possible smectic phase of log-
rolling molecules, and a nematic state of flow-aligned
molecules. These examples of transitional behavior bear
resemblance to what we report here for the Topt(y) of
CECEC. There is direct evidence of flow alignment in
both systems at high shear. However at low shear rates,
the layered or smectic nature is somewhat speculative
for LCP, while it is well documented for the pentablock
copolymer by SANS, SAXS, and TEM. On the other
hand these LCP studies provide direct evidence of single
chain alignment via wide-angle X-ray scattering, which
derives from inter-stem correlations. In the pentablock
work reported here we do not have similar direct data,
but can only infer the state of chain orientation based
on correlation hole scattering at g*.

Leist et al.’® have reported on alignments of a
lamellar PS—PI block copolymer induced by extrusion
through a rectangular slit die, followed by a quench to
room temperature. Although the polymer was subjected
to an ambiguous combination of extensional and shear
flows, this processing establishes experimental condi-
tions that must reach into the y/wx ~ 1 limit. Indeed,
extrusion at high shear rates resulted in a morphology
that gave SAXS data implying a destruction of the
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lamallar structure—analogous to the shear-induced
disordering displayed by the PEP—PEE—PEP triblock
and CECEC pentablock copolymers. Subsequent an-
nealing (at T > Ty(PS)) led to the formation of perpen-
dicular lamellae, which the authors speculate is due to
a chain orientation along the vorticity direction of the
slit die flow. However, our findings (of flow-aligned
chains in the disordered state) contradicts this hypoth-
esis.

The transverse structures reported in diblock copoly-
mers typically coexist with parallel lamellag.1317:18.19
Zhang et al.*>17 claimed a “pure” transverse alignment
at low amplitude oscillatory shear (|y| = 8% and T <
TobT), and suggested that chain orientation plays a role
in the formation of transverse vs parallel lamellae.
Although our experiments are fundamentally different
(lyl = 600% and T ~ Topr), We have drawn a similar
conclusion regarding the role of chain alignment in
controlling lamellae orientation at high rates of defor-
mation.

5. Summary

We have investigated the shear-induced structures of
a compositionally symmetric CECEC pentablock copoly-
mer near the order—disorder transition. Application of
a large amplitude (]y| = 600%) steady reciprocating
shear deformation led to the rapid development of well-
aligned perpendicular lamellar when y7 < 1 where 7 is
the single chain relaxation time. When y7 > 1 the
material disorders, displaying an azimuthally asym-
metric SANS pattern with weak broad maxima situated
along the shear direction. This unusual result is inter-
preted as evidence of macromolecular alignment in the
shear-disordered state. Cessation of shearing 30 °C
below Topr(y = 0) resulted in the spontaneous trans-
formation of the anisotropic disordered melt into well-
aligned lamellae with a transverse (i.e., “forbidden”)
orientation, consistent with this chain stretching hy-
pothesis.

These findings were considered in the context of
previous studies that dealt with AB diblock and ABA
triblock copolymers, with particular emphasis on the
concept of mechanical coupling. The pentablock archi-
tecture imposes a uniformly strong mechanical coupling
between different lamellar microdomains through bridg-
ing and entangled looping block conformations, thereby
eliminating mechanical contrast for y7 < 1. As a
consequence, the perpendicular orientation is the only
stable arrangement under large strains. In sharp dis-
tinction, a large mechanical contrast in ABA triblocks
results in the parallel alignment, while a variable
mechanical contrast in diblocks can produce either
perpendicular or parallel lamellae. We speculate that
these differences in steady-state alignment also influ-
ence the condition for shear disordering where (y7)opt
~ 1 and 0.1 for (perpendicular) pentablocks and (paral-
lel) triblocks, respectively. In the opposite limit, yr <
1, all three linear architectures develop perpendicular
lamellae when specimens are cooled below TopT, which
we interpret as direct support for the Cates—Milner
mechanism of anisotropic suppression of composition
fluctuations.
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